Objective To compare MRI and colostography/fistulography in neonates with anorectal malformations (ARM), using surgery as reference standard. Methods Thirty-three neonates (22 boys) with ARM were included. All patients underwent both preoperative highresolution MRI (without sedation or contrast instillation) and colostography/fistulography. The Krickenbeck classification was used to classify anorectal malformations, and the level of the rectal ending in relation to the levator muscle was evaluated.
Introduction
Anorectal malformations (ARMs) are relatively rare congenital anomalies, with a reported incidence of around 3:10,000 live births [1] . The spectrum of anomalies ranges from mild forms, with a stenosis of the anus in its normal position, to more complex cases, with an aberrant location of the colonic outlet in the urogenital tract.
All occlusive and near-occlusive ARMs are treated soon after birth with a diverting colostomy in order to maintain gastrointestinal transit. Later, but preferably in the neonatal period, a reconstruction is planned with the main aim of achieving definitive bowel control and acceptable quality of life [2] .
Accurate recognition of the different subtypes of ARM is essential for further operative management. Although several classification systems for ARMs have been proposed, the Krickenbeck classification-based on the presence/ absence of a fistula and its location-is the most widely accepted today [2, 3] . The posterior sagittal anorectoplasty (PSARP), as described by Pena et al., is a commonly used surgical technique for anorectal malformations and requires a perineal approach. The technique can be used when the fistula ends below or at the level of the pelvic floor (levator muscle) [4] . Higher positioned fistulas (mainly the rectovesicular or prostatic recto-urethral) need a laparoscopic or laparotomic approach (LAARP) [2] . In cases of longer fistulas ending below the pelvic floor but with a distal rectum ending higher above the pelvic floor, the PSARP may not be sufficient to complete the reconstruction, and a laparoscopy or laparotomy may also be required. Preoperative imaging is thus mandatory for the surgeon deciding on the best surgical approach.
The most commonly used visualization technique for ARMs is high-pressure augmented colostography/fistulography. An additional micturating cystogram is often carried out simultaneously to further exclude associated urogenital anomalies [5] .
An important advantage of using colostography is the possibility to apply controlled pressure in the distal colon in order to differentiate a normal colon from a distal fistula. On the other hand, the main disadvantages of this procedure include a risk of perforation, especially in boys, and the effects of radiation in the newborn. In relation to ARMs and the high rate of associated anomalies in the pelvis, another disadvantage of this technique is that it does not show any other anatomical structures of the pelvic floor, such as the levator muscle or spinal canal. This will influence the planning of surgery and the final prognosis.
Although magnetic resonance imaging (MRI) has been proposed as an alternative, effectively circumventing the radiation issue, literature is still sparse and dated [6] [7] [8] [9] [10] [11] [12] . MRI in the first month after birth is often difficult due to the need for very high resolution imaging in order to discern very small pelvic structures. Proposed use of a head coil rather than a phased array coil does not solve the problem of a resolution that is often greater than 3 mm, which in our opinion is still suboptimal in neonates [10] . Another group described the use of MRI with local instillation of contrast in different orifices [6, 13] . While high-quality images can be produced using this technique, it is still relatively invasive and requires sedation.
We now propose a variant of early MRI using high resolution images (voxel size of 0.06 * 0.04 * 0.1-0.2 cm), without instillation of contrast and without sedation or anaesthesia.
The question we will address is whether this new MR technique improves visualization of the anatomy in anorectal malformation compared to contrast colon studies, thus allowing optimised surgical planning and improved outcomes. The study design is a prospective comparison of MRI with classical pressure augmented colostography/fistulography in anorectal malformation patients, using final operative results as the reference gold standard.
Materials and methods
Between 2008 and the first half of 2014, all patients born in the Erasmus University Medical Center (Erasmus MC) in Rotterdam, the Netherlands with anorectal malformations and who were in their neonatal period (up to 4 months after birth) were prospectively included when visualization studies were indicated. In case of colonic outflow obstruction, the patients underwent a split diverting colostomy soon after birth and before imaging (28 patients). Patients were consecutively scanned with colostography/fistulography, cystography and MRI before reconstructive surgery. The study was approved by the Erasmus MC institutional review board and informed consent was obtained from the parents or the guardian.
All neonates were operated based on the combination of colostography/fistulography and MRI findings, and the surgical approach was either a PSARP or LAARP, depending on the classification proposed by the radiologists and the clinical findings.
Imaging techniques

MRI
All included patients underwent MRI using a 1.5 T unit (General Electrics, Signa, Milwaukee, WI). Parents were asked to stay in the MRI room during the examination. No analgesic was used and patients were bottle-fed immediately prior to the procedure. A one-channel, standard knee coil (5^round GP coil) was placed posterior to the anus. The patient and coil were then enveloped in a vacuum cushion in order to suppress patient movements.
Scans were started with a T2-weighted (T2W) single-shot fast spin echo [SSFSE, slice thickness = 3 mm; repetition time/echo time (TR/TE) (msec) = minimum/90; flip angle = 90°] in three directions, with a matrix of 256×224.
This was followed by minimally a T2W fast recovery fast spin echo (FRFSE, slice thickness = 1-2 mm, 3500/80, 90°) with a matrix of 512×256, a field of view (FOV) of 20 cm and phase FOV of 0.8. The number of acquisitions was 4 and the echo train length was 21, with a low bandwidth of 31.25. This was performed with and without fat suppression in the axial and sagittal planes. The voxel size was 0.06×0.04×0.1/0.2 cm. The duration of the MRI investigation was around 30 min. When necessary, some of the sequences were repeated (mainly due to movements of the child).
Colostography or fistulography
Pressure-augmented colostography was performed by insertion of a Foley catheter in the distal rectal pouch and by enema of the distal colorectal pouch with water-soluble non-ionic contrast media [14] . The addition of air insufflation with controlled pressure was used to obtain an optimal distension of the rectal pouch resulting in imaging of possible fistular communications. When the neonate did not have a colostomy, the distal fistula was injected with contrast agent. A micturating cystogram was performed in all patients in order to exclude associated urological abnormalities.
Image evaluation
The MRI studies were prospectively and independently analysed by two readers (two experienced staff members of paediatric radiology and abdominal radiology, A and B), blinded to the results of surgery. Information regarding the anal opening, which was clinically visible, was provided to both readers in order to imitate clinical reality [15] . Information from other diagnostic tools was not available during the reading sessions.
Colostography/fistulography was prospectively and independently analysed by two other readers (two experienced staff members of paediatric radiology, X and Y), also blinded to MRI or surgical results. The same information was given as for the MRI readings.
Firstly, readers were asked to classify the imaging findings according to the Krickenbeck classification [3, 16] . Secondly, they were asked to evaluate the location of the transition of the normal rectal mucosa into the fistula. The location of the transition was classified as above the pelvic floor, at the level of the pelvic floor or below the pelvic floor [2] . Since no pressure was applied during MRI to dilate the proximal colon, differentiation between normal colon and fistula was based on the layered aspect of the bowel segment. If the different layers (mucosa, submucosa and muscularis) were discernable, it was classified as normal bowel that could be used for anastomosis. If there were no layers visible, it was classified as a fistula. Using colostography/ fistulography, the non-dilated part of the distal bowel was classified as a fistula.
In patients with a cloacal malformation, the length of the common channel was measured as the length between the rectal fistula, at the point where urethra and vagina connect, and the rectum to the distal channel orifice at the perineum.
Finally, the visibility of sacrococcygeal bones was described based on the sagittal T2-weighted MRI data. This was only performed using MRI, since it was difficult to differentiate the sacral from the lumbar bones with colostography/fistulography (due to the overpenetration of X-rays). Additional urogenital anomalies visible on MRI were described, and complications during the investigations (MRI and colostography/fistulography) were also reported.
Reference standard
Reconstructive surgery was performed using the PSARP (perineal procedure) according to Pena et al. [4] or the LAARP technique (laparoscopic procedure) according to Georgeson et al. [17] . A technique was chosen based on review of the visualization studies at the level of the rectal pouch and the anatomy of the fistula.
During surgery, the anatomy of the fistula was noted according to the Krickenbeck classification. Precise measurement of the length of the rectal fistula was not attempted because the fistula was often conical in presentation, making it difficult to state where the fistula began and the rectum ended. Instead, the level of rectal pouch (above, on or below the pelvic floor) was noted. The combination of findings of surgery, urethroscopy and colostography/fistulography imaging was used as a reference standard for the measurement of the length of the common channel in case of a cloacal malformation, since direct measurement was not always feasible.
Statistical analysis
McNemar's test was used to compare the proportion of correct diagnoses (against the reference standard described above) made with either MRI or conventional fluoroscopic studies. p values of less than 0.05 were considered significant. Interobserver agreement was assessed using the kappa value (k). A k≤0.20 was interpreted as slight agreement; 0.21-0.40, fair agreement; 0.41-0.60, moderate agreement; 0.61-0.80, substantial agreement; and ≥0.81, almost perfect agreement [18] . All statistical analyses were performed using SPSS 16.0 (SPSS, Chicago, ILL).
Results
Thirty-six patients (22 boys and 14 girls) were admitted for anorectal malformation in the postnatal period. Of these, three were excluded, since only one examination was performed (either MRI or colostography/fistulography). Ages varied from the neonatal period up to four months. Twenty-eight patients underwent pressure, augmented colostography and five underwent distal fistulography based on presence of a sigmoidostomy. One MRI and four colostographies/ fistulographies were of insufficient quality. Findings included nine patients with a bulbar recto-urethral fistula, six with a prostatic recto-urethral fistula (Fig. 1) , five with a vestibular fistula (Fig. 2) , five with a cloacal malformation, four with no fistula, one with a H-type fistula, one with anal stenosis, one with a rectoperineal fistula, and one with a complex bladder fistula. Compared to surgery, MRI or colostography/ fistulography correctly predicted anatomy in 88 % (29/33) and 61 % (20/33) of cases, respectively (p=0.012) ( Table 1 ). The distal end of the rectal pouch was correctly predicted in 88 % (29/33) and 67 % (22/33) of cases, respectively (p= 0.065). The length of the common channel in cloacas was correctly predicted by MRI in all cases (5/5) and by colostography/fistulography in four out of five cases.
The inter-reader agreement of the two readers for Krickenbeck classifications with MRI was perfect (kappa of 1.0), whereas the kappa was 0.75 (substantial agreement) for colostography/fistulography. The inter-reader agreement of the two readers determining the position of the rectal pouch with MRI was perfect (kappa of 1.0), while colostography/ fistulography showed a corresponding kappa of only 0.58 (moderate agreement).
MRI failed to make the correct diagnosis in four cases: a rectovaginal H-fistula, an anal stenosis, a vestibular fistula (insufficient image quality) and a bulbar recto-urethral fistula (closed bulbar recto-urethral fistula misdiagnosed as no fistula with rectal pouch below the pelvic floor).
Colostography/fistulography was incorrect in 13 cases: five bulbar recto-urethral fistulas [four misinterpreted as prostatic urethral fistulas (Fig. 3) ], three with no fistula, two prostatic urethral fistulas [one misinterpreted as an rectobulbar rectourethra fistula, one uninterpretable ( Fig. 1)] , one cloaca, one rectovaginal H-fistula, and one anal stenosis.
The level of rectal pouch was misinterpreted in four cases using MRI compared to surgery: one vestibular fistula with a fistula at the level of the pelvic floor was misinterpreted as a lower level fistula, one bulbar level with an obliterated fistula at the pelvic floor was misinterpreted as no fistula with a rectal pouch below the pelvic floor, one bulbar fistula with a rectal pouch on the level of the pelvic floor was misinterpreted as a bulbar fistula with a rectal pouch above the pelvic floor, and finally, one vestibular fistula with a fistula below the pelvic floor could not be interpreted with MRI. The reasons for misinterpretation of the level of rectal pouch when colostography/ fistulography was used were diverse.
The failure of colostography/fistulography to determine the length of the common channel in a cloaca was due to an uninterpretable image.
MRI showed genitourinary anomalies in 12 patients, including uterus anomalies in three, pelvic cysts in four, split prostate in four, atrophic testis in one and utriculus in one patient. Uterine anomalies included a uterus didelphys and a uterus bicornis. The pelvic cysts consisted of two presacral cysts, one between the urethra and vagina, and one adjacent to the prostate.
Two bowel perforations occurred, both during colostography/fistulography. One event occurred under augmented pressure used to visualize a possible fistula. The Fig. 1 a-h A 2 -month-old boy with proven recto-bladder neck fistula. a represents a midsagittal view through the pelvis (T2-weighted fast spin echo sequence; slice thickness 1.5 mm) with s-form of the distal rectal segment which enters the prostate from posterior. The axial MRI slices (b-g) (T2-weigthed fat-suppressed fast spin echo sequence; slice thickness 1.5 mm) are shown from higher to lower levels in the pelvis. The rectum turns in a fistula (pink) with a short transprostatic course. This fistula ends in the bladder neck (yellow), which turns in the urethra (black). Although on first sight of a complex case, all elements could easily be discerned by both readers based on a combination of axial and sagittal views. On the other hand, correct analysis of colostography (h) images was found to be impossible, mainly due to overlapping contrast opacities in all directions Eleven patients showed anomalies of the sacral vertebra visible on MRI, consisting of hypoplasia of the sacrum and/ or coccyx.
Discussion
In this study, we show that high resolution MR imaging of the pelvic floor is feasible in the majority of neonatal cases without the use of anaesthesia. This technique provides high-resolution images that allow the radiologist to delineate the various structures in ARM. To the best of our knowledge, the present study is the first comparison of high-resolution MRI findings, without MR fistulography, directly with colostography/fistulography on a side-by-side basis, taking surgery as a reference standard. We show that MRI is at least as good, but is also a better overall diagnostic tool than colostography/fistulography for classifying malformations and for the precise documentation of rectal pouch level in relation to the pelvic floor.
As colostography/fistulography is currently the option of choice in the preoperative setting, the primary aim of this study was to explore the non-minority state of an optimized MRI protocol in comparison to conventional imaging. Gross et al. stated that a posterior sagittal approach should never be attempted without a technically adequate high-pressure distal colostogram to determine the exact positions of the rectum and the fistula [14] . Based on our findings and findings from the literature, we conclude that MRI also fulfils these criteria, but with fewer risks of complications and a lower exposure to radiation.
Since an MRI examination is static (non-operator dependent) and images can always be re-evaluated and discussed with different physicians, MRI can produce more consistent results. Moreover, reconstructions and one to one comparison of images from various angles can be done at any moment. Very high-resolution sequences also allow multiplane reconstructions that provide additional insight into complicated anatomic anomalies.
Inter-reader agreement of conventional imaging was moderate to substantial, whereas MRI yielded perfect agreement. The main drawback in the interpretation of conventional imaging was the difficulty in differentiating prostatic from bulbar recto-urethral fistulas. This can be difficult since the location of the pelvic floor was not always clearly interpretable. Neither MRI reader had any difficulty in discerning these two entities, since adjacent structures such as the prostate made differentiation straightforward (Fig. 1) . Operative techniques have evolved in recent years, and most bulbar recto-urethral fistulas with a rectal pouch at the pelvic floor are now treated with PSARP, whereas higher fistulas such as prostatic recto-urethral fistulas are more likely to be operated using LAARP. This development has made differentiation between these two ARM entities increasingly relevant for clinical practice. In light of the data presented here, we conclude that local anatomy is more precisely presented for surgical planning when using MRI compared to colostography/fistulography.
Based on results from the present cohort, liquid instillation in orifices appears to be unnecessary, contributing to the very low invasiveness of the procedure. The visualization of the different layers of the bowel wall (presenting with a typically serrated aspect) seems to be sufficient to differentiate between bowel and fistula (Fig. 2) . This serration is probably caused by local contraction of the muscular layers giving it a starfish Fig. 2 One-month-old female neonate with a vestibular fistula (a-d). MRI and correlated drawing shows axial slices (a, b) of the distal orifice with typical layered aspect of the intrasphincteric region (like a starfish), which was therefore interpreted as a normal colon (b). This starfish sign (*) refers to the layered aspect of the bowel on perpendicular view. c shows the anterior position of the rectal orifice on fistulography, with a normal composition of the intrasphincteric part, as in normal colon appearance, a well-known MRI aspect of a contracted bowel and anal sphincter muscle (Fig. 2) . Preliminary data from two pilot studies suggested that MRI fistulography is as appropriate as conventional fistulography in the preoperative evaluation of ARM [6, 19] . However, as all patients needed to be anaesthetized, disadvantages included invasiveness (and possible perforations), costs and time.
A major benefit of the MRI approach used in this study is that no anaesthesia or deep sedation was needed in the vast majority of our patient group. All parents were asked to feedand-wrap the patient, and the only case in which the quality of the MRI was uninterpretable was due to leg movements while crying. In this particular case, the parents had fed the baby some hours before, so hunger may have caused the restlessness.
Both MRI and colostography/fistulography accurately measured the length of the common channel in cases with cloacal malformation. The reference standard was surgery and urethrovaginoscopy. Additional information from colostography/ fistulography was only used if the investigation was clearly diagnostic and well performed, showing some additional value only when surgery and urethroscopy produced contradictory findings. We would argue that this is admissible because this approach leads to the most accurate length measurement. As there were only five patients with a cloaca, further studies are needed to build on these promising findings.
The main drawback of our study was the limited number of participants. However, recruiting a consecutive group of 36 patients at our tertiary centre required 5 years. Despite limited numbers, to the best of our knowledge, this is the first prospective study to date in which noninvasive MRI and colostography/fistulography are compared side-by-side. Further multicentre cohort studies are planned in order to allow firmer conclusions.
The high resolution of the images also provided an opportunity to analyse pelvic floor muscles. Since objectivising the reference standard from surgery was difficult, this information was not included. However, we assume that the current interpretation was more accurate than that of a previously published study from 2009, which utilized threefold thicker slices, but also more challenging, due to the younger median age of our patient group [20] .
A final important drawback of our study was the retrospective analysis of the colostography/fistulography. Although both readers were experienced radiologists, prospective interpretation during data collection would have been preferable, but was unfortunately not possible due to organizational issues.
In conclusion, our results indicate that high resolution MRI without sedation is feasible and of great value in the diagnostic preoperative workup of patients with an ARM. We are confident that, when feasible, MRI will replace colostography/fistulography as the procedure of choice for ARM.
